In natural language using short sentences is considered efficient for communication. However, a text composed exclusively of such sentences looks technical and reads boring. The text composed of long ones, on the other hand, demands significantly more effort for comprehension. Studying characteristics of the sentence length variability (SLV) in a large corpus of world-famous literary texts shows that an appealing and aesthetic optimum appears somewhere in between and involves selfsimilar, cascade-like alternation of various lengths sentences. A related quantitative observation is that the power spectra S(f ) of thus characterised SLV universally develop a convincing '1/f β ' scaling with the average exponent β ≈ 1/2 , close to what has been identified before in musical compositions or in the brain waves. An overwhelming majority of the studied texts simply obeys such fractal attributes but especially spectacular in this respect are hypertext-like, "stream of consciousness" novels. In addition, they appear to develop structures characteristic of irreducibly interwoven sets of fractals called multifractals. These observations and results, beside their obvious interdisciplinary implications, open room for novel informetrics measures of potentially great applicability.
Introduction
Mirroring cultural progress (Agmon and Bloch, 2013) during their evolution natural languages -the most advanced and imaginative carriers of information -developed remarkable quantifiable patterns of behaviour such as hierarchical structure in their syntactic organization (Nowak, Komarova and Niyogi, 2002) a corresponding lack of characteristic scale (Newman, 2005) as evidenced by the celebrated Zipf law (Zipf, 1949) and long-range correlations in the use of words (Montemurro and Pury, 2002; Ausloos, 2012) . A majority of such patterns are common to a large class of natural systems known as complex systems (Kwapień and Drożdż, 2012) and they all open a formal framework for extending the informetrics measures (Egghe, 2005; Bar-Ilan, 2008) . Since the capacity of language is to generate an infinite range of expressions from the finite set of elements (Hauser, Chomsky and Fitch, 2002) the complexity concept suggests to inspect the linguistic constructs longer than mere words. The most natural of them are sentences -strings of words structured according to syntax and grammar principles (Akmajian, Demers, Farmer and Harnish, 2001) . Typically it is within a sentence that words acquire a specific meaning. Furthermore, in a text the sentence structure is expected to be correlated with the surrounding sentences as dictated by the intended information to be encoded, fluency, harmony, intonation and possibly due to many other factors and feedbacks including the authors' preferences. This may thus introduce even more involved and more essential correlations than those identified so far. The composition of sentences of varied length dictates the reading rhythm which thus involves sound and perception. This, therefore, opens up a possibility that the celebrated Weber-Fechner law (Coren, Ward and Enns, 2004 ) -stating that in perception it is the relative proportions that matter primarily, and not differences in absolute magnitudes -leaves its imprints also in the sentence arrangement. At the same time a sentence cannot usually be expanded continuously but by adding clauses, so that syntax and grammar rules are obeyed. The first of these two potential factors makes some variant of the multiplicative cascade a likely component of the mechanism that amplifies the associative leaps especially anticipated in the "stream of consciousness" (SoC) narrative, while the other factor may set some constraints. The multifractal formalism (Halsey et al., 1985; Stanley and Meakin, 1988 ) offers a particularly appropriate framework to quantify such effects.
Material and Methods
In order to study the long-range correlations among sentences, particularly those that refer to fractals and cascading effects, we select a rich corpus of 113 world-famous English, French, German, Italian, Polish, Russian, and Spanish literary texts of considerable size and for each individually form a series l(j) from the lengths of the consecutive sentences j expressed in terms of the number of words. Thus, a sentence is defined in purely orthographic terms, as a sequence of words starting with a capital letter and ending in a full stop. Since the present study has a statistical character, an additional criterion we impose specifies that each text contains no fewer than 5000 sentences. A complete list of the titles included in this corpus is given in the Appendix.
The simplest, second-order linear characteristics are measured in terms of the power spectra S(f ) of such series. Such spectra are calculated as Fourier Transform modulus squared
of the series l(j) representing lengths of the consecutive sentences j. A complementary approach towards higher order correlations consists in the wavelet decomposition of l(j). The corresponding 'mathematical microscope' wavelet coefficient maps T ψ (s, k) are obtained as
where k represents the wavelet position in a text while s the wavelet resolution scale. The wavelet ψ used in the present study is a Gaussian third derivative. The wavelet decomposition, is optimal for visualisation and, in principle, it is well suited to extract the multifractal characteristics (Muzy, Bacry and Arneodo, 1994) . However, the newer method, termed Multifractal Detrended Fluctuation Analysis (MFDFA) (Kantelhardt et al. 2002) is numerically more stable (Oświȩcimka, Kwapień and Drożdż, 2006) , though even here the convergence to a correct result is a subtle issue (Drożdż, Kwapień, Oświȩcimka and Rak, 2009) . Accordingly, for a series l(j) of sentence lengths one evaluates its signal profile L(j) ≡ j k=1 [l(k)− < l >], where < · > denotes the series average and j = 1, ..., j max with j max standing for the number of sentences in a series. This profile is then divided into 2M s disjoint segments ν of length s starting from both end points of the series. Next, the detrended variance
is determined, where a polynomial P (m) ν of order m serves detrending. Finally, a q-th order fluctuation function
is calculated and its scale s dependence inspected. Scale invariance in a form F q (s) ∼ s h(q) indicates the most general multifractal structure if the generalised Hurst exponent h(q) is explicitly q-dependent, while it is reduced to monofractal when h(q) becomes q-independent. h(q) determines the Hölder exponents α = h(q) + qh ′ (q) and the singularity spectrum
the latter being the fractal dimension of the set of points with this particular α . For a model multifractal series (like a binomial cascade), f(α) typically assumes a shape resembling an inverted parabola whose widths ∆α = α max − α min is considered a measure of the degree of multifractality and thus often also of complexity.
Results and discussion
A highly significant result is obtained already by evaluating the power spectra S(f ) of the series representing the sentence length variability (SLV) of all the text considered. As documented in Fig.1 , the overall trend of all sample texts, and especially its average, shows a clear 1/f β scaling with β ≈ 1/2 over the entire range of more than two orders of magnitude in frequencies f spanned. For the individual texts β is seen to range between (1)) of the series l(j) representing lengths of the consecutive sentences j expressed in terms of the number of words. S(f ) is seen to display 1/f β scaling. Middle solid line (green) denotes average over the individual power spectra, properly normalised, of all the corpus elements and it fits well by β=1/2. Boundaries of the dispersion in β are indicated by taking average over 10 corpus elements, with the largest β-values, which results in β=3/4 and over 10 its elements with the smallest β-values, which results in β=1/4. The two extremes in the corpus, explicitly indicated, are Henry James's The Ambassadors (upper) and Artamène ou le Grand Cyrus, the 17 th century novel sequence (lower), considered the longest novel ever published which resembles S(f ) for white noise.
1/4 and 3/4. This kind of scaling points to the existence of the power-law long-range temporal correlations in SLV -thus to its fractal organization -and indicates that it balances randomness and orderliness into a unique attractive whole, just as it does for music, speech (Voss and Clark, 1975) , heart rate (Kobayashi and Musha, 1982) , cognition (Gilden, Thornton and Mallon, 1995) , spontaneous brain activity (Kwapień, Drożdż, Liu and Ioannides, 1998) , and for other 'sounds of Nature' (Bak, 1996; Theunissen and Elie, 2014) . From this perspective human writing appears to correlate with them. Even the range of the corresponding β-values from about 1/4 to 3/4 overlaps significantly (more on the Mozart than Beethoven's side) with those (1/2 to 1) found (Levitin, Chordia and Menon, 2012) for musical compositions, which may provide a quantitative argument for our tendency to refer to writing as 'being composed' when we care about all its aspects including aesthetics and rhythm to be experienced in reading. The two extremes in the corpus, explicitly indicated in Fig. 1 , are Henry James's The Ambassadors (upper) and Artamène ou le Grand Cyrus, the 17 th century French novel sequence (lower), considered the longest novel ever published. The latter appears largely consistent with the white noise whose S(f ) is flat. It is also appropriate to notice that at the largest frequencies, which corresponds to the smallest scales, the power spectra of all the texts have some tendency to flatten. This may suggest that the long-range coherence in their 1/f organization is locally somewhat coarsened by grammatical constraints.
Our central result relates, however, to the nonlinear characteristics that may manifest themselves in heterogeneous, self-similarly convoluted structures, undetectable by S(f ). Such structures may demand using the whole spectrum of the scaling exponents and are then termed multifractals (Stanley and Meakin, 1988) . That such structures in SLV may be present within the corpus analysed here can be inferred from Fig. 2 , which shows four, somewhat distinct, categories of behaviour. A majority of the texts in our study resembles the case displayed in (I). SLV is here seen to be rather homogenously 'erratic' and, consequently, the distribution of cascades seen through the wavelet decomposition is largely uniform. The three other cases, (II), (III) and (IV), commonly considered representatives of the SoC literary style, are visibly inhomogeneous in this respect, as SLV displays clusters of intermittent bursts of much longer sentences. Such structures are characteristic of multifractals and thus an appropriate subject of the analysis within the above formalism. The resulting singularity spectra f(α) for (i) the series l(j) representing original texts (black), (ii) for their Fourier-phase randomised counterparts (blue); here f(α) is seen shrunk essentially to a point as is characteristic of a pure monofractal, and (iii) for their randomly shuffled counterparts (gray). V. Chronological progress of James Joyce's "engineering work" on writing FW, which he described as "boring a mountain from two sides" (Ellmann, 1982) . This chart may be also taken as a visualisation of Joyce's dream about a Turk picking threads from heaps on his left and right sides, and weaving a fabric in the colours of the rainbow, which the writer interpreted as a symbolic picture of Books I and III of FW.
The fluctuation functions F q (s) obtained according to Eq.(3) display (Fig.  2) a convincing scaling with different degree of q-dependence, however. This is corroborated by the corresponding singularity spectra f(α), which range from very narrow in War and Peace (I), indicating essentially monofractal structure, through significantly broader -thus already multifractal -but asymmetric like the strongly left sided Rayuela (II) or right sided The Waves (III) up to an exceptionally broad and simultaneously almost symmetric case (IV) of Finnegans Wake (FW).
The left side of f(α) is determined by the positive q-values, which filter out larger events (here longer sentences), and its right side reflects behaviour for smaller events as filtered out by the negative q-values. Hence, asymmetry in f(α) signals non-uniformity of the underlying hypothesized cascade. Rayuela is thus seen to be more multifractal in the composition of long sentences and almost monofractal on the level of small ones. To some extent the opposite applies to The Waves. In fact, these effects can be inferred already from the non-uniformities of the corresponding SLV wavelet decompositions (Fig. 2) . In this respect FW appears impressively consistent; being one of the most intriguing literary 'compositions' ever, mastered imaginatively in the SoC technique, freely exploring the mental labyrinth of dreams and thus often breaking conventional rules of syntax and of linguistic rigour. However, from the perspective of our formal quantitative approach, its architecture looks -or perhaps just is -a result of these factors -to be governed consistently by the same 'generators' on all scales of sentence length. An extra intellectual factor shaping FW is very likely to be also related to its top-bottom development -much like model mathematical cascades -as evidenced by its chronology of writing graphically sketched in the lowest panel V of Fig. 2 . Bearing in mind that Joyce himself considered FW an "engineering work" and expressed the wish (Ellmann, 1982) that this work should be studied by exact science methods, the present results provide further arguments for considering him an ingenious and visionary linguistic "engineer" (Bazarnik, 2011) , possibly opening some new horizons for language, enabling it to explore better the brain capacity, and echoing the sounds of nature more profoundly. Suffice us to say in this context that it was FW that inspired Murray Gell-Mann to propose spelling for quarks -the most fundamental constituents of matter.
The significance of the above results for the singularity spectra f(α) of the series l(j) representing the original texts has also been tested against the two corresponding surrogates. One standard surrogate in this kind of analysis is obtained by generating the Fourier-phase randomised counterparts of l(j). This destroys nonlinear correlations and makes probability distribution of fluctuations Gaussian-like, but preserves the linear correlations and, as it is clearly seen in Fig. 2 , shrinks f(α) essentially to a point as is characteristic of a pure monofractal. Another surrogate is obtained by randomly shuffling the original series l(j). Consequently, any temporal correlations get destroyed but the probability distributions of fluctuations remain unchanged. The corresponding singularity spectra calculated according to the same MFDFA algorithm are also shown in Fig. 2 (gray) . Consistently with the lack of any temporal correlations they all get shifted down to α ≈ 0.5 but some nonzero width of f(α) still remains to be observed. However, at least a large part of this remaining multifractality in this last case may be apparent due to a relatively small size of the samples. As shown by Drożdż et al. (2010) , for the uncorrelated series the result of calculating the multifractal spectra ends up in either mono-fractal for the series whose fluctuation probability distributions are Levy-unstable, or in bi-fractal for those whose distributions are Levy-stable. Contrary to the correlated series, the convergence to the ultimate correct results in this case is very slow. We also wish to note at this point that in spite of the Menzerath-Altmann law, all the relevant results shown here remain essentially unchanged if the sentence length is measured Figure 2 is used here. The two additional insets in the panels a and c display results for Ulysses after bisecting it into halves. Ulysses-I corresponds to the text from the beginning to the end of Chapter 10 and Ulysses-II to the remaining text (without its last two disproportionately long sentences).
in terms of the number of characters instead of the number of words.
Another, even better known SoC novel by Joyce -Ulysses, which played a central role in formulating the scale -free word rank-frequency distribution law by Zipf -also deserves here an extended attention, however, for a different reason. As illustrated in Fig. 3 , no unique multifractal scaling can be attributed, and thus no f(α) assigned, for this novel. The SLV inspected both in terms of the sentence length distribution and through its wavelet transform indicate clearly that Ulysses splits into two parts such that each of them may independently have well defined scaling properties. Indeed, by bisecting it approximately into halves (between Chapters 10 and 11) allows us again to comprise Ulysses within the present formalism. The first part appears essentially monofractal, while the other is clearly multifractal, though asymmetrically left-sided, just as Rayuela. In fact, this result provides a quantitative argument in favour of some earlier literary criticism on the "doubleness" of Ulysses (McHale, 1992) .
The results, represented in terms of the width ∆α of f(α) and of α ≡ α(q = 0) , which stands for the most frequent Hölder exponent (maximum of f(α)) and thus can be considered a measure of the degree of persistence in SLV , for the whole studied corpus are collected in Fig. 4 .
This 'scatter plot' opens up room for many further interesting informetrics related observations and hypotheses or even definite conclusions of general interest. Some of them that can be straightforwardly listed as follows:
(i) All the studied texts that are seen in the multifractality region are commonly classified as SoC literature. The only exception found here, the Old Testament, has not been considered before in this context.
(ii) ∆α for all the texts that do not belong to SoC is located below the border of definite multifractality. Their complexity is thus poorer.
(iii) Also, several texts, by some considered as SoC, appear to be located significantly below this border. An important example of this isÀ la recherche du temps perdu by Marcel Proust (no. 76 in the list given in Appendix)), which is clearly monofractal. The present methodology may thus also serve as a quantitative criterion in resolving the related disputes.
(iv) Artamène ou le Grand Cyrus is seen to have characteristics just opposite to FW. Here ∆α equals nearly zero and α gets shifted down to almost 1/2, which complements its flat power spectrum seen in Fig. 1 , to mean that the corresponding SLV is of the white noise type.
Summary
The present analysis, based on a large corpus of world famous literary texts, uncovers the long-range correlations in their sentence arrangement. The linear component of these correlations universally reveals the scale-free '1/f β ' form as characteristic to many other 'sounds of Nature' and thus this observation may serve as an indicator of those factors that shape human language. The corresponding β-value ranges from about 1/4 to 3/4 and may thus serve also as a very useful and inspiring bibliographic measure. Figure 4 : Complexity characteristics of the world literature. 'Scatter plot', which for a collection of 113 most representative literary works indicated by their numbers on our list (Appendix) displays the width ∆α (schematically defined in the inset) and the most frequent Hölder exponent α. Shaded area marks the transition (uncertainty) region between fully developed multifractality and definite monofractality. We find it reasonable to assume that the shuffled series are mono-fractal (or at most bi-fractal) and that any trace of multifractality in this case is an artefact of the finiteness of a series. Therefore, the lower bound of the shaded area is determined as an average of ∆α's for all the series (texts) shuffled. Due to the thickest tails in the probability distributions P (l) of l(j) in FW (seen in the inset to panel IV of Figure 2 ), which after shuffling the corresponding series may yield the strongest apparent multifractality signal, the upper bound of the uncertainty region is taken as ∆α of the shuffled FW.
As far as correlations in the sentence length variability are concerned, some texts -within the present corpus exclusively belonging to the stream of consciousness narrative -develop even more complex scale-free patterns of the nonlinear character. In quantitative terms this results in a whole spectrum of the scaling exponents as compactly grasped by the multifractal spectrum f(α) , whose width reflects the degree of nonlinearity involved. A greater complexity of such hypertext-like narrative finds an intriguing parallel in the biological dynamical system as documented (Ivanov et al., 1999) for the healthy human heartbeat, which develops broader multifractal spectra as compared to the heart failure. That the SoC kind of narrative simultaneously activates greater variety of brain areas seems quite natural. Whether this indicates route towards more efficient and thus 'healthier' communication also emerges as an exciting perspective to study. A further argument in favour of such a likely correspondence is that hypertext parallels the underlying architecture of World Wide Web which proves easy-to-use and flexible in sharing information over the Internet, indeed. 
